Background and Purpose: The administration of glucose has been shown to worsen brain injury in adult animals but has no effect on the severity of injury in newborn rats. We wished to see whether the results in newborn rats could be extended to another newborn animal.
jected to elevated blood glucose levels during hypoxic-ischemic brain injury had severe damage. It has been hypothesized that this injury is due to high levels of lactic acid building up in the brain cells, which causes low intracellular pH values and thereby disrupts cellular machinery. Despite enhanced cellular energy stores during hypoxic ischemia in the glucosetreated animals, brain damage was worse and was associated with higher intracellular lactic acid levels. 2 There have been concerns that this might not apply to newborns. 3 Voorhies et a14,5 showed that giving glucose to 1-week-old rats did not increase brain injury. Studies in newborns of other animal species have not yet been performed. These data from a single species have been used to justify the routine use of glucose-containing intravenous fluid for pregnant women in labor. 6 We have performed a series of experiments7 using an identical protocol8-11 to evaluate drugs to ameliorate hypoxic brain injury in newborn pigs. Because we accumulated over this series of experiments a large number of control animals in which systemic parameters were looked at, we attempted to correlate these parameters with pathological outcome. The strongest predictor of pathological outcome was serum glucose level: Piglets with higher See Editorial Comment, page 1062 glucose levels had worsened neurological outcomes (r=.48, P<.0001). However, correlation with outcome does not prove causation because glucose might well be a marker for another factor. We observed at the same time that the older animals had both higher serum glucose and more severe brain damage, but the correlation between age and brain damage was less tight than that between serum glucose and brain damage. Thus, we set out to determine whether differences in glucose level, randomly assigned as an experimental variable, would affect the severity of hypoxic-ischemic brain damage in our newborn pig model.
In the human newborn, unlike the human adult, most clinical injury to the brain is initiated as an asphyxial or hypoxic event of variable acuity. Injury is usually global rather than focal.' There is usually some secondary brain ischemia due to hypoxic dysfunction of the heart. However, it is difficult to generate reproducible hypoxic brain injury in a purely hypoxic model without an unacceptable death rate from hypoxic myocardial damage.' Thus, an ischemic component -clamping both carotid arteries and reducing the blood pressure by one third-was added to the hypoxic insult to reliably produce measurable brain injury with acceptable mortality. We arrived at the particular timing of the ischemic and hypoxic components through a series of pilot experiments.
Materials and Methods
Using our previously described protocol,8-"1 44 0-to 3-day-old piglets were removed from their mother the day of the experiment and randomly assigned to either 38 .0°C using a servocontrolled infrared lamp.
After the initial surgery was performed, the piglets assigned to the glucose group received 2 mL/kg IV of 50% dextrose in water followed by a continuous infusion of 2 mL/kg per hour until 2 hours after reoxgenation. In the piglets assigned to the insulin group, serum glucose levels were checked with Glucostix (Miles Inc, Elkhart, Ind) immediately after the initial surgery. The piglets with an initial glucose level of greater than 3.9 mmol/L received 2 U/kg of regular porcine insulin IV push. They were then observed for 15 minutes, and their serum glucose levels were rechecked. If the glucose level remained over 5.6 mmol/L, an additional dose of 2 U/kg insulin was given, and the animals were monitored an additional 15 minutes to ensure that their serum glucose levels went below 5.6 mmol/L. At time -5 minutes, baseline measurements were taken. The measurements included arterial blood gases, arterial blood pressure, rectal temperature, oral temperature, whole-blood lactate, and serum glucose. This set of measurements was repeated at 0, 15, 30, 35, 45, 60 , and 90 minutes. At time 0, 700 U/kg heparin was injected, and the carotid arteries were ligated by pulling the snares snugly around them. Blood was withdrawn from the arterial catheter into syringes to reduce the arterial pressure to approximately two thirds of control levels and maintain it at that level. Isoflurane was discontinued at 10 minutes, by which time the animals had been rendered unconscious by the ischemia (pilot studies). Fifteen minutes after the carotid ligation and the reduction of blood pressure to two thirds of normal, the animal was switched from ventilation with 50% nitrous oxide and 50% oxygen to a gas mixture containing 70% nitrous oxide, 22% nitrogen, 2% carbon dioxide, and 6% oxygen. This reduced arterial Po2 to approximately 3.3 kPa (25 mm Hg) within 1 to 2 minutes. Approximately 2 minutes after hypoxia, the animal's EEG tracing became totally flat. Succinylcholine was discontinued at 20 minutes (it is required until this time to prevent gasping). At an experimental time of 30 minutes, after 15 minutes of hypoxia, the animal was reoxygenated by switching the inspired gas from 6% to 100% oxygen, releasing the carotid ligatures, and reinfusing the blood that had been previously withdrawn. The effect of reoxygenation with 100% oxygen on neurological outcome of hypoxic ischemia is controversial.14,15 We confirmed at autopsy that patency of the carotids was reestablished. Immediately before reoxygenation, blood ,B-hydroxybutyrate levels were measured by enzymatic assay in a subgroup using a kit from Sigma Chemical Co, St Louis, Mo.
Piglets were nursed in cages, with warmth provided by heat lamp. From 2 to 17 hours after reoxygenation, they received 5% dextrose at 8 mL/h IV. They were then fed 60 cm3 artificial piglet formula by gavage every 6 hours. Neurological examination was performed by the staff performing the experiment at 2 hours after reoxygenation. Neurological examinations were performed by a blinded observer at 1, 2, and 3 days after reoxygenation. The results were recorded and scored from 5 to 20, with 20 considered normal and 5 brain dead according to a standard scoring system (Table 1) .
Three days after the experiment, with the pig under isoflurane and nitrous oxide anesthesia, the chest was opened, the carotid artery was cannulated, and the brail was perfused with 10% formalin after flushing with 30 mL saline. Formalin was continued until the effluent from the right atrium was clear, thus preserving the brain and killing the animal. The brain was then removed and preserved in formalin for later pathological examination. If the piglet died before completion of the 3 days, its carcass was stored in the refrigerator until the next morning, when a gross autopsy was performed and the brain was preserved in formalin.
After preservation in formalin, the brains of all piglets were cut, fixed, and stained. Both groups in this experiment received some treatment. To determine which of the treatments resulted in the differences seen, the pathological examination scores for the two groups were compared with pathological examination scores from control animals from previous experiments.8-1 These control animals were subjected to the protocol described in "Materials and Methods" to induce hypoxic-ischemic injury but were not given any treatment (ie, no glucose or insulin). They were examined by the same pathologist used in this experiment. Glucose values in this control group (n=66) were 4.2+0.2 mmol/L, 6.3+0.4 mmol/L, and 7.5+±0.6 mmol/L at 0, 15 Values at other times are included in the referenced papers.8-" Pathological scores in the insulin-treated animals were significantly better (P<.01) and pathological scores in the glucose-treated group significantly worse (P<.05) than scores seen in the historic control group (hypoxia-ischemia alone; see Table 2 , column 3).
The correlation between the glucose concentration measured at 30 minutes and the pathological score is shown in Fig 6 (Path =25-0 
Discussion
Elevating glucose levels during injury worsens injury to the brain in juvenile and adult animals.'9 Although increasing blood glucose during hypoxic-ischemic injury to adult animals results in elevated brain energy levels,20'21 the resulting increased brain lactic acid levels and decreased intracellular pH cause22-24 irreversible injury before damage by energy depletion alone. The adverse effect of administered glucose may be prevented by glycolytic blockage.25'26 It may be demonstrated by administering glucose to elevate normal glucose levels or by using insulin to diminish normal glucose levels.27 In newborn animals, results in the 1-week-old rat showed that increasing glucose levels by administering glucose had no effect on the degree of hypoxic-ischemic brain injury.4 The lack of effect of glucose in the neonatal rat model seemed to be due to decreased ability to transport4 and metabolizes glucose in the brain so that elevated serum glucose levels did not increase brain lactate levels5 during hypoxic ischemia to the brain.
The newborn piglet, like the newborn human and the 1-week-old rat, is in the period of maximal brain growth. 28 In that sense, both should be good models for human newborns. The results of the present study suggest that there are species differences in the ability of glucose to worsen injury to the brain of the newborn animal. These results suggest that newborns of some species are capable of transporting and metabolizing enough glucose in the brain to result in damage due to excess lactate concentrations. Glucose and lactate levels in the brain were not measured in this experiment; however, as shown by Corbett et a129 in piglets during cardiac arrest, maximal lactic acid levels in the brain during ischemia are directly related to serum glucose levels in the piglet regardless of age. The adaptation of the 1-week-old rat to a very high-fat, low-carbohydrate diet may explain the peculiarities of this species regarding glucose transport and metabolism.30 The brain of the 1-week-old rat metabolizes mostly ketone bodies rather than glucose. Does the glucose metabolism of the brain of human newborns more closely resemble that of the 1-week-old rat or the newborn pig? In the 1-weekold rat, glucose transport to the brain is very low relative to adult rat levels3' and is functioning near saturation. 32 Thus, under the stress of hypoxia, lactic acid production is limited and is not increased if additional glucose is available.5 On the other hand, piglets produce higher brain lactic acid levels during hypoxia, when glucose levels are elevated.29 Data from human infants are sketchy, but glucose transport levels down to 5 days of age in human infants are similar to those in human adults and would not seem to restrict brain lactic acid production.33 Thus, the available data suggest that the handling of glucose by the brains of human infants is more like that of newborn pigs than 1-week-old rats. In human infants of insulin-dependent mothers,34 the de-gree of maternal hyperglycemia at delivery is a better predictor of perinatal asphyxia than are more chronic measures of maternal glycemic control (ie, glycohemoglobin-A,). This association is consistent with the hypothesis that in human infants, hyperglycemia during hypoxic ischemia is detrimental to the brain.
There are several methodological differences between the 1-week-old rat model in which no effect of glucose is seen and our neonatal pig model in which glucose concentration strongly affects the outcome of hypoxic-ischemic brain injury. The 1-week-old rat model produces focal injury to one hemisphere of the brain, whereas the neonatal pig model produces global brain injury. In adult animals, both global20 and focal21 brain injury are worsened by glucose, so this is unlikely to explain the difference seen. The 1-week-old rat model has a prolonged (3-hour) period of moderate hypoxia (8% oxygen) and mild ischemia (unilateral carotid ligation without hemorrhage), whereas the neonatal pig model has a short period of severe hypoxia (6% oxygen for 15 minutes) and moderate ischemia (bilateral carotid clamping with hemorrhage to two thirds of normal blood pressure for 30 minutes). A prolonged period of hypoxia might allow lactic acid levels to equilibrate with serum35 and avoid excessive brain levels. Lactic acid-induced brain injury is thought to be a threshold phenomenon requiring concentrations in excess of 20 ,umol/g for brain injury to occur. 36 Respiration and blood pressure are controlled in the neonatal pig model but not in the 1-week-old rat model. In experiments performed on newborn rhesus monkeys, glucose administered with alkali prolonged cardiac function during asphyxia37 and reduced the severity of ischemia experienced by the brain and secondarily reduced brain injury.38 In 1-week-old rats, arterial blood pressure is well preserved for the 3 hours of hypoxic ischemia39; therefore, this mechanism may not be important in the rat pup model. Glucose preserves energy stores in the brain even in species in which it worsens injury20'21,40 and thus in some species prolongs the breathing41 during hypoxia. This may lessen damage in experimental or clinical circumstances in which apnea is important in the production of brain injury and the subjects are not mechanically ventilated. Part of the mammalian response to stress is hyperglycemia, which is caused by increased catecholamine production. What is the adaptive advantage of a system that worsens brain injury? By prolonging breathing, hyperglycemia would improve survival chances in the pre-cardiopulmonary resuscitation world. In that context, what happens after terminal apnea is not important.
In this experiment, the hyperglycemia was induced by glucose and the low glucose levels were induced by insulin. We did this because a piglet normally responds to the stress of hypoxic ischemia with hyperglycemia unless it is prevented, and we were afraid that giving only glucose would produce too small an effect to be easily detected. This was not the case. Inducing hypoglycemia with insulin significantly improved outcomes over previous control groups. Inducing hyperglycemia with glucose infusion worsened the outcome both relative to the insulin group and relative to controls that received neither insulin nor glucose. All this strongly suggests that glucose caused the change in outcomes seen in our previous experiments associated with differences in serum glucose level. [8] [9] [10] [11] How are the results of this experiment clinically applicable? Does 
